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Carbon-coated Li2FeSiO4/C cathode materials have been synthesized through a modiﬁed ball-milling pro-
cess. The physical characterizations of Li2FeSiO4 were conducted by using X-ray powder diﬀraction, ﬁeld-emission
scanning electron microscopy and transmission electron microscopy techniques. Field-emission scanning electron
microscopy and transmission electron microscopy images revealed that Li2FeSiO4/C consists of nanosized parti-
cles coated with an amorphous carbon layer. The electrochemical performances of Li2FeSiO4/C cathode materials
were evaluated through fully assembled lithium batteries via cyclic voltammetry, charge/discharge test and electro-
chemical impedance spectroscopy. The Li2FeSiO4/C cathode materials showed a much improved electrochemical
performance in terms of higher speciﬁc capacity, better cycling performance and less charge transfer resistance
than that of the pristine Li2FeSiO4.
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1. Introduction
With global demand for renewable energy, recharge-
able lithium ion batteries have become the most promis-
ing energy storage devices. However, the application
of conventional lithium ion batteries using transition-
-metal oxides as the cathode materials has been lim-
ited because of their high cost, toxicity, scarcity, and
safety concerns [1]. Since Goodenough's group ﬁrst re-
ported lithium iron phosphate (LiFePO4) in 1997 [2],
many eﬀorts have been devoted to develop the polyanion-
-type cathode materials such as phospho-olivines and
lithium metal orthosilicates, due to their enhanced sta-
bility and safety compared with transition metal oxides
[3, 4]. Among them, LiFePO4 has been emerging as the
most important cathode material for large-scale applica-
tions [5, 6]. In particular, the poor electronic conduc-
tivity of LiFePO4 can be dramatically improved through
carbon coating technique [7, 8].
In an eﬀort to search cheaper cathode material with
satisfying electrochemical properties, LiMSiO (M =
Fe, Mn, Co) system has been proposed as new materi-
als for lithium ion batteries and has attracted great in-
terests, because it can theoretically deliver two lithium
per formula based on the M4+/M2+ redox reaction to
achieve a high theoretical capacity of 330 mAh/g [9]. Re-
cently, several methods have been proposed to synthesize
Li2FeSiO4, including solid state reaction [10, 11], sol
gel [12, 13], hydrothermal method [14], the Pechini syn-
thesis [15], and microwave-solvothermal synthesis [16].
Nyten et al. ﬁrst reported Li2FeSiO4 as the cathode ma-
terial delivering a reversible capacity of 130 mAh/g at
60 ◦C [17]. Dominko and his co-workers [14] successfully
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synthesized Li2MnSiO4. However, they only delivered
55% of their theoretical capacity (based on one lithium
ion extraction) at room temperature due to the relatively
low electronic conductivity, which is 3 orders of magni-
tude lower than that of LiFePO4. Later, nanostructured
Li2MSiO4 (M = Mn and Fe) was prepared and delivered
the discharge capacities of 148 mAh/g at room temper-
ature and 204 mAh/g at 55 ◦C [16]. The performance of
Li2MSiO4 were also improved by embedding small parti-
cles in a carbon matrix and by introducing carbon as a
conductive agent [15].
Based on our understanding, carbon-coating strategy
could be an eﬃcient way to enhance the electronic con-
ductivity of pristine Li2FeSiO4. In this paper, pris-
tine and carbon-coated Li2FeSiO4/C cathode materi-
als were prepared via a modiﬁed ball-milling method.
The glycolic acid was used as the carbon source. The
structure and electrochemical properties of pristine and
Li2FeSiO4/C materials have been systematically investi-
gated.
2. Experimental
Stoichiometric amounts of Li2CO3 (99.9% Sigma-
Aldrich), FeC2O4·2H2O (99% SigmaAldrich), and SiO2
(nanopowder, 50 nm) were dispersed in a waterethanol
system (50:50 in volume). The mixture was ultrasoni-
cally treated for 30 min and reﬂuxed at 70 ◦C for 12 h.
After cooling down to room temperature, the mixture
was ball-milled with 5 wt% of glycolic acid in acetone for
16 h. Following the evaporation of acetone, the homoge-
neous mixtures were sintered at 700 ◦C for 10 h in argon
ﬂow. For the preparation of pristine Li2FeSiO4, all pro-
cedures are the same except that no carbon source was
added in the ball-milling process.
The phase purity was determined by X-ray powder
diﬀraction (XRPD) using a GBC MMA X-ray diﬀrac-
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tometer with Cu Kα radiation. The Raman spectroscopy
was performed with a Jobin Yvon HR800 confocal Ra-
man system with a laser wavelength of 632.81 nm on a
300 lines/mm grating at room temperature. Surface mor-
phology and particle size distribution were analyzed by
using a ﬁeld-emission scanning electron microscopy (FE-
SEM, JEOL7500) and transmission electron microscopy
(TEM, JEOL JEM 2011). Electrochemical characteri-
zations of the pristine and Li2FeSiO4/C cathode mate-
rials were evaluated by assembling CR2032 coin cells in
an argon-ﬁlled glove box (Mbraun, Unilab, Germany).
Li2FeSiO4 electrode was used as the working electrode,
and Li foil was the counter and reference electrode. The
electrolyte was 1 M LiPF6 dissolved in a mixture of ethy-
lene carbonate and dimethyl carbonate (EC:DMC = 1:1).
The electrodes were made by dispersing 70 wt% active
material, 20 wt% carbon black, and 10 wt% polyvinyli-
dene ﬂuoride (PVDF) in n-methyl pyrrolidione (NMP) to
form a slurry. After that, the slurry was spread onto Al
foil. The coated electrodes were dried at 100 ◦C in a vac-
uum oven overnight. The galvanostatic charge-discharge
tests were performed at room temperature on Neware
battery tester at diﬀerent C-rates between 1.54.8 V.
Electrochemical impedance spectroscopy (EIS) was mea-
sured on a PARSTAT 2273 Princeton Potentiostat in the
frequency range of 10510−2 Hz.
3. Results and discussion
Figure 1 shows the XRPD patterns of the Li2FeSiO4
and Li2FeSiO4/C materials. Sharp and symmetric
diﬀraction peaks can be detected in both samples, in-
dicating that both samples are well crystallized and can
be indexed to orthorhombic phase with the space group
of Pmn21. In addition, there is no diﬀraction peak of
carbon in the diﬀraction line (b). In order to conﬁrm the
nature of carbon, the Raman spectrum is presented as
the inset in Fig. 1. The D-band and G-band of carbon
reveals that the carbon layer was amorphous.
Fig. 1. XRPD patterns of (a) Li2FeSiO4 and (b)
Li2FeSiO4/C and Raman spectrum of Li2FeSiO4/C as
an inset.
The morphologies of the Li2FeSiO4 and Li2FeSiO4/C
samples are shown in Fig. 2a and b, respectively. As
shown in Fig. 2a small primary particles of pristine
Li2FeSiO4 tend to form big agglomerates during heat
treatment, while Li2FeSiO4/C exhibits better uniformity
with the secondary particle size in the range of 200
300 nm.
Fig. 2. FESEM images of (a) Li2FeSiO4 and (b)
Li2FeSiO4/C.
TEM analysis was conducted to conﬁrm the existence
of the carbon layer on the Li2FeSiO4/C. Figure 3a and b
displays TEM images of a typical particle cluster and
the enlarged view of the Li2FeSiO4/C, respectively. Fig-
ure 3a clearly demonstrates that the Li2FeSiO4/C con-
sists of nanosized particles with good uniformity. An
enlarged TEM image in Fig. 3b indicates that the crys-
tal size of Li2FeSiO4/C is in the range of 2040 nm. The
inset in Fig. 3b conﬁrms the presence of carbon layer
with the thickness about 1.53 nm (indicated by arrows).
During the sintering process, glycolic acid as the carbon
source can inhibit particle growth and agglomeration by
forming a conductive carbon layer simultaneously on the
surface of individual particles.
Fig. 3. TEM images of Li2FeSiO4/C at diﬀerent mag-
niﬁcations (a) and (b). The inset in (b) is the zoom-in
nanoparticles shown in the rectangular area.
Figure 4a compares the charge-discharge curves of
the Li2FeSiO4 and Li2FeSiO4/C cathode materials. An
obvious shift of the potential plateau from 3.2 V in
the initial charge to 2.9 V in the second charge can
be identiﬁed for both samples. This phenomenon is
consistent with previous report [18]. The initial dis-
charge capacities of the pristine and Li2FeSiO4/C are
137 mAh/g and 148 mAh/g, respectively. It should be
noted that Li2FeSiO4/C material showed an improved
initial Coulombic eﬃciency (86%) than that of pristine
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Li2FeSiO4 (77%). Figure 4b shows the cycling perfor-
mances of the Li2FeSiO4 and Li2FeSiO4/C cathode ma-
terials at various C-rates when cycled between 1.5 V
and 4.8 V. Clearly, Li2FeSiO4/C exhibits much better
capacity retention and rate capability than that of the
Li2FeSiO4. At 0.1 C, the Li2FeSiO4 and Li2FeSiO4/C
cells exhibited the capacity retention of 78.6% and 90%
over the ﬁrst 20 cycles, respectively. The Li2FeSiO4/C
cathode material is able to deliver a speciﬁc capacity
of 127 mAh/g and 111 mAh/g at 0.2 C and 1 C, re-
spectively, with negligible capacity loss. Overall, the
electrochemical performance of the Li2FeSiO4/C cathode
material is superior to that of the pristine Li2FeSiO4,
in terms of electrochemical stability and reversible ca-
pacity. This suggests that electrochemical properties of
Li2FeSiO4 can be signiﬁcantly improved by coating a car-
bon layer. The conductive carbon layer may not only
suppress the particle growth of Li2FeSiO4 during calcina-
tions, but also improve the conductivity of the Li2FeSiO4
cathode material.
Fig. 4. (a) Charge-discharge proﬁles and (b) cyclic
performances of Li2FeSiO4 and Li2FeSiO4/C.
In order to understand the improved electrochem-
ical performance of the Li2FeSiO4/C, AC impedance
measurement was carried out for both pristine and
Li2FeSiO4/C electrodes at a 50% state of charge (SOC).
As shown in Fig. 5, the impedance spectra exhibit a
depressed semicircle in the high-frequency range and a
sloping line with almost the same gradient in the low-
-frequency range. The intercept at Z ′ axis in high fre-
quency corresponds to the ohmic resistance (RΩ ). The
semicircles are attributed to the charge transfer resis-
tance, while the sloping lines are correspondent to the
typical Warburg behavior. Based on this understanding,
an equivalent circuit model is given in the inset in Fig. 5.
In the equivalent circuit model, RΩ refers to the ohmic re-
sistance between the working electrode and the reference
electrode, Rct represents the charge transfer resistance,
which can be determined by the value of the semicircle
on the Z ′ axis, and CPEct is the constant phase-angle el-
ement depicting the non-ideal capacitance of the double
layer. Rs refers to the resistance for the lithium ion dif-
fusion in the surface layer, CPEw is the constant phase-
-angle element describing the non-ideal capacitance of the
surface layer, and ZW is the Warburg impedance [11].
In this work, RΩ values are much smaller and negligi-
ble for both cathode materials when compared with the
Fig. 5. EIS plots of Li2FeSiO4 and Li2FeSiO4/C ac-
quired at 50% SOC with the equivalent circuit as an
inset.
charge transfer resistance, where Rct values are 350 Ω
and 560 Ω for the Li2FeSiO4/C and pristine Li2FeSiO4
electrode, respectively. Therefore, carbon layer decreases
the charge transfer resistance in the Li2FeSiO4/C cell,
indicating an enhancement in the kinetics of lithium-ion
diﬀusion and charge transfer reaction.
4. Conclusions
Li2FeSiO4/C cathode materials exhibit an improved
rate capability and cycling performance compared with
the pristine Li2FeSiO4. TEM analysis demonstrated that
the coating of a nanolayer carbon (1.53 nm in thick-
ness) on the Li2FeSiO4/C cathode material has been re-
alized by the carbonization of glycolic acid during calci-
nation. EIS analysis indicates that the improvement of
the electrochemical properties of Li2FeSiO4/C can be as-
cribed to the decrease in the charge transfer resistance.
Li2FeSiO4/C could be used as a potential cathode mate-
rial for lithium ion batteries.
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